Dvl is a key protein that transmits the Wnt signal to the canonical ␤-catenin pathway and the noncanonical planar cell polarity (PCP) pathway. We studied the roles of Rho-associated kinase (Rho-kinase), which is activated by Dvl in the PCP pathway of mammalian cells. The expression of Dvl-1, Wnt-1, or Wnt-3a activated Rho-kinase in COS cells, and this activation was inhibited by the Rho-binding domain of Rho-kinase. The expression of Dvl-1 in PC12 cells activated Rho and inhibited nerve growth factor (NGF)-induced neurite outgrowth. This inhibition was reversed by a Rho-kinase inhibitor but not by a c-Jun N-terminal kinase inhibitor. Dvl-1 also inhibited serum starvation-dependent neurite outgrowth of N1E-115 cells, and expression of the Rho-binding domain of Rho-kinase reversed this inhibitory activity of Dvl-1. Dvl-1 mutants that did not activate Rho-kinase did not inhibit the neurite outgrowth of N1E-115 cells. Furthermore, the purified Wnt-3a protein activated Rho-kinase and inhibited the NGF-dependent neurite outgrowth of PC12 cells. Wnt-3a-dependent neurite retraction was also prevented by a Rho-kinase inhibitor and a Dvl-1 mutant that suppresses Wnt-3a-dependent activation of Rho-kinase. These results suggest that Wnt-3a and Dvl regulate neurite formation through Rho-kinase and that PC12 and N1E-115 cells are useful for analyzing the PCP pathway.
Wnt proteins constitute a large family of cysteine-rich secreted ligands that control development in organisms ranging from nematode worms to mammals (59) . Wnt regulates axis formation, organ development, and cellular proliferation, morphology, motility, and fate (40, 46) . Binding of the Wnt ligand to its receptors can stimulate several distinct intracellular signaling pathways, including the canonical ␤-catenin and noncanonical planar cell polarity-convergent extension (PCP-CE) pathways. For the activation of these pathways, the common mediator Dvl, which transmits signals from receptors to different effector molecules, is required.
Dvl is a cytoplasmic protein that acts downstream of Frizzled (Fz) and is a key protein for regulation of the Wnt signal (56) . Three Dvl genes, Dvl-1, -2, and -3, have been isolated from mammals. Dvl homologs are conserved in Drosophila melanogaster (Dishevelled [Dsh] ) and Xenopus laevis (Xenopus dishevelled [Xdsh] ). All Dvl and Dsh family members contain three highly conserved domains: a DIX domain, a PDZ domain, and a DEP domain. The expression of Dvl in cells induces the accumulation of ␤-catenin in the canonical pathway and the activation of Rho and Rac in the PCP-CE pathway (7, 16, 17, 29, 41, 46, 49) . The DIX and PDZ domains are important for the activation of the canonical ␤-catenin pathway, whereas the DEP domain is essential for the activation of the noncanonical PCP-CE pathway.
In the canonical pathway, the protein level of free cytoplasmic ␤-catenin is controlled by the Wnt signal (40, 46, 59) . Cytoplasmic ␤-catenin is destabilized by a multiprotein complex containing Axin (or its homolog Axil/conductin), glycogen synthase kinase 3␤ (GSK-3␤), casein kinase I␣ (CKI␣), and adenomatous polyposis coli in unstimulated cells (22, 27, 30, 36, 61) . ␤-Catenin is phosphorylated efficiently by CKI␣ and GSK-3␤ in this complex, and phosphorylated ␤-catenin is ubiquitinated and degraded by the proteasome (1, 31) . When Wnt binds to its cell surface receptor, consisting of Frizzled and low-density lipoprotein receptor-related protein 5/6 (LRP5/6), Dvl and CKIε antagonize GSK-3␤-dependent phosphorylation of ␤-catenin (21) . Once the phosphorylation of ␤-catenin is reduced, ␤-catenin is no longer degraded, resulting in its accumulation in the cytoplasm. Stabilized ␤-catenin is translocated into the nucleus, where it binds to transcriptional factors T-cell factor (Tcf) and lymphoid enhancer binding factor (Lef) and thereby stimulates the transcription of Wnt target genes (5, 59) .
PCP is manifested in Drosophila wing, eye, and sensory bristle development (2, 48) . For example, each wing cell exhibits proximal-distal polarity within the epithelial plane by elaborating a single hair at the distal vertex. Rho and the Rho-associated kinase (Drosophila Rho-kinase, or Drok) represent core PCP gene products that can act downstream of Drosophila Fz1 (Dfz1) and Dsh (50, 58) . Drok mutant cells exhibit changes of photoreceptor numbers in and misrotation of ommatidia. This phenotype resembles those of PCP mutants such as fz, dsh, and rho. Other gene products implicated downstream of Dfz1 and Dsh in the PCP signaling pathway include Rac and c-Jun Nterminal kinase (JNK) (7, 50) . However, a triple mutation removing the three known Drosophila rac genes does not show the PCP phenotype (18) . In zebra fish and Xenopus, Wnt-11 regulates CE movement through Fz and Dvl, but not ␤-catenin (20, 51) . Wnt-1 and Wnt-11 activate Rho and Rac through Dvl separately during gastrulation (16) . Furthermore, Wnt-5a is capable of activating JNK through Rac, which regulates CE movement (62) . Thus, Dvl-dependent Rho and Rac activation is important for the PCP-CE pathway in Drosophila, zebra fish, and Xenopus. However, which cellular functions are regulated by this pathway in mammals is not well understood.
Rho, Rac, and CDC42 are members of the Rho subfamily of the small-GTP-binding protein superfamily (13, 25, 42) . It has been clearly demonstrated that Rho induces the assembly of contractile actin and myosin filaments (stress fibers), that Rac induces actin-rich surface protrusions (lamellipodia), and that Cdc42 promotes the formation of actin-rich, finger-like membrane extensions (filopodia). Therefore, Rho, Rac, and CDC42 regulate three distinct signal transduction pathways linking plasma membrane receptors to the assembly of actin filaments. In addition to regulating the actin cytoskeleton, they participate in the regulation of cell polarity, gene expression, G 1 cell cycle progression, microtubule dynamics, and vesicle transport.
Neurons extend neurites, one of which differentiates into an axon while the others become dendrites. Rac and Cdc42 are positive regulators of neurite outgrowth, whereas Rho inhibits neurite extension (24, 38, 45, 60) . It has been shown that Dvl-1 colocalizes with axonal microtubules (53) and that it regulates microtubule stability through GSK-3 (19, 34) . However, the roles of Dvl-dependent activation of Rho subfamily small G proteins in neurite outgrowth have been elusive. Furthermore, the Dvl-dependent activation of Rho-kinase through Rho has not yet been studied intensively in mammalian cells, although the Dvl-dependent activation of JNK through Rac has been demonstrated (7, 41) . These considerations prompted us to examine whether Dvl regulates neurite outgrowth through its downstream molecules, including small G proteins, Rho-kinase, and JNK. In this study, we demonstrate that Wnt-3a and Dvl induce neurite retraction through Rho-kinase in PC12 and N1E-115 cells.
MATERIALS AND METHODS
Materials and chemicals. pEGFP-myosin-binding subunit (MBS) of myosin phosphatase (pEGFP/MBS), pEF-BOS-Myc/Rho-kinase, pEF-BOS-Myc/Rhokinase catalytic domain (CAT), pEF-BOS-Myc/Rho-kinase Rho-binding domain (RB), pEF-BOS-HA-Rho G14V , and a rabbit polyclonal antibody against MBS phosphorylated at Ser-854 (pS854) were kindly supplied by Kozo Kaibuchi (Nagoya University, Nagoya, Japan). pGEX-4T/Rho-binding domain of rhotekin (RBD) was kindly provided by Manabu Negishi (Kyoto University, Kyoto, Japan). pGK-Wnt-1-Flag and pGKneoWnt-3a were provided by Shinji Takada (Center for Integrated Bioscience, Okazaki, Japan). PC12 cells stably expressing mouse Wnt-1 (PC12/Wnt-1) and PC12 cells stably expressing tTA (PC12/tTA) (tet-off system) were provided by Ming-Gui Pan (Oregon Health Science Center, Portland, Oreg.) and Hidenori Ichijo (University of Tokyo, Tokyo, Japan), respectively. PC12 cells conditionally expressing Myc-Dvl-1 in response to tetracycline hydrochloride (PC12/Dvl) were generated by selection with G418 as described previously (52) . PC12/tTA cells were designated control PC12 cells for this study. An anti-Wnt-3a antibody was prepared in rabbits by immunization with a synthetic peptide corresponding to residues 139 to 155 (SSRLQGSPGE GWKWGGC) of mouse Wnt-3a. An anti-Dvl antibody was prepared as described previously (29) . An anti-Myc antibody was prepared from 9E10 cells. Glutathione S-transferase (GST) and GST-RBD were purified from Escherichia coli. Alexa 488-labeled anti-rabbit immunoglobulin G (IgG), Alexa 546-labeled anti-mouse IgG, and anti-green fluorescent protein (GFP) antibody were from Molecular Probes, Inc. (Eugene, Oreg.). Anti-RhoA antibody was from Transduction Laboratories (Lexington, Ky.). Rho-kinase inhibitor (Y-27632) and JNK inhibitor I were from Calbiochem (San Diego, Calif.), GSK-3 inhibitor (SB-216763) was from TOCRIS (Aromouth, United Kingdom), and nerve growth factor (NGF) 7.5S and pTET-splice were from Invitrogen, Inc. Other materials were obtained from commercial sources.
Plasmid construction. pCGN/hDvl-1, pEF-BOS-HA/hDvl-1-(1-250), pCGN/ hDvl-1-(1-398), pCGN/hDvl-1-(140-670), pCGN/hDvl-1-(337-670), pCGN/hDvl-1-(395-670), and pCGN/hDvl-1-(⌬251-336) were constructed as described previously (21, 28, 29) . A cDNA encoding Myc-tagged Dvl-1 with EcoRI and SpeI sites was inserted into pTET-splice to generate pTET-splice/Myc-Dvl-1. For the generation of pCGN/hDvl-1-(224-398), a cDNA encoding hDvl-1-(224-398) with XbaI and SmaI sites was inserted into pCGN. For the construction of a recombinant adenovirus expressing GFP-MBS, a cDNA encoding GFP-MBS was amplified by PCR. Then the fragment was subcloned into pENTR/D-TOPO and transferred into pAD/CMV/V5-DEST (Invitrogen). 293A cells (Invitrogen) were transfected with the PacI-digested pAD/CMV/V5-DEST-derived construct, and adenoviral stocks were prepared according to the manufacturer's instructions.
Cell culture. COS, N1E-115, and 293A cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum at 37°C. PC12/Wnt-1 cells were grown in DMEM supplemented with 10% fetal calf serum and 5% horse serum at 37°C. Control PC12 and PC12/Dvl cells were grown in the same medium supplemented with 500 ng of tetracycline hydrochloride/ml. For the expression of Myc-Dvl-1, PC12/Dvl cells were cultured without tetracycline hydrochloride for 48 h.
Rho activity assay. PC12 cells (two subconfluent 100-mm-diameter dishes) were lysed with 500 l of ice-cold buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 30 mM MgCl 2 , 0.1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin/ml, and 1 g of aprotinin/ ml) containing 40 g of GST or GST-RBD (60) . Cell lysates (0.5 mg of protein) were centrifuged for 10 min at 20,000 ϫ g at 4°C, and the supernatants were incubated with glutathione-Sepharose for 2 h at 4°C. After the glutathioneSepharose was precipitated by centrifugation, the bound proteins were probed with an anti-RhoA antibody.
Rho-kinase assay. To examine whether Dvl-1 activates Rho-kinase in intact cells, we transfected subconfluent COS cells (60-mm-diameter dishes) with pCGN/hDvl-1, pEGFP-MBS, and pEF-BOS-Myc/Rho-kinase. After 12 h, the cells were starved of serum for 48 h and treated with 10% (wt/vol) trichloroacetic acid (TCA) and 2 mM dithiothreitol. The resulting precipitates were washed with ice-cold acetone and 2 mM dithiothreitol three times and were probed with anti-GFP, anti-Myc, anti-hemagglutinin 1 (HA), and anti-phospho-MBS antibodies. Where indicated, pCGN-derived constructs expressing Dvl-1 deletion mutants or pEF-BOS-HA/RhoA G14V was transfected into the cells instead of pCGN/Dvl-1. When the activity of endogenous Rho-kinase in PC12 cells was assayed, GFP-MBS was expressed by an adenovirus. After the cells had been starved of serum for 48 h and then stimulated with 160 ng of Wnt-3a purified from conditioned medium/ml, the TCA precipitates were probed with anti-GFP and anti-phospho-MBS antibodies.
Neurite formation assay. N1E-115 cells and PC12 cells were seeded onto 18-mm-wide glass coverslips coated with poly-D-lysine (Sigma, St. Louis, Mo.). For the induction of neurite outgrowth, PC12 cells were cultured with 100 ng of NGF/ml in DMEM containing 1% fetal calf serum and 0.5% horse serum for 48 h, and N1E-115 cells were starved of serum for 48 h. Where indicated, 160 ng of Wnt-3a/ml was added to PC12 cells in the presence of 100 ng of NGF/ml. The cells were observed with the phase-contrast or relief-contrast mode of an IX-70 microscope (Olympus, Tokyo, Japan) and were photographed with a DC-250 digital camera system (Leica Microsystems AG, Wetzler, Germany). Neurite initiation from PC12 and N1E-115 cells was scored by measuring the percentage of cells bearing processes of two or more cell diameters long. More than 100 cells were evaluated for each experiment.
Immunocytochemistry. Cells grown on glass coverslips were fixed for 15 min in phosphate-buffered saline (PBS) containing 4% (wt/vol) paraformaldehyde. The cells were washed with PBS three times and then permeabilized with PBS containing 0.2% (wt/vol) Triton X-100 and 2 mg of bovine serum albumin/ml for 20 min. (57), with a slight modification. One hundred milliliters of Wnt-3a-conditioned medium was adjusted to 1% Triton X-100 and applied to a Blue Sepharose HP column (1.6 by 2.5 cm) (Amersham Biosciences, Buckinghamshire, United Kingdom) equilibrated with binding buffer (20 mM Tris-HCl [pH 7.5] and 1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonic acid [CHAPS]) containing 150 mM KCl. After the column was washed with 50 ml of binding buffer, the elution was performed in a stepwise manner with 50 ml of binding buffer containing 1.5 M KCl at a flow rate of 1 ml/min. Fractions of 5 ml were collected. When an aliquot (20 l) of each fraction was probed with the anti-Wnt-3a antibody, a single peak was seen with fractions 2 and 3. The same procedure was repeated two times. The active fractions from the Blue Sepharose column chromatography (30 ml, with 2 mg of protein) were pooled and concentrated to 2 ml by use of a Microsep (30K) ultrafiltration device (Pall Life Sciences, Ann Arbor, Mich.). The concentrate (2 ml, with 1.7 mg of protein) was applied to a HiLoad Superdex 200 column (1.6 by 60 cm) (Amersham Biosciences) equilibrated with PBS and 1% CHAPS. Elution was performed with the same buffer at a flow rate of 1 ml/min. Fractions of 1 ml were collected. When an aliquot (20 l) of each fraction was probed with the anti-Wnt-3a antibody, a single broad peak was seen with fractions 73 to 83. The active fractions from the HiLoad Superdex 200 column chromatography (11 ml, with 0.2 mg of protein) were applied to a HiTrap Heparin column (0.75 by 2.5 cm) (Amersham Biosciences) equilibrated with PBS and 1% CHAPS. After the column was washed with 10 ml of the same buffer, elution was performed with a 10-ml linear gradient of NaCl (0 to 1 M) in PBS and 1% CHAPS at a flow rate of 0.5 ml/min. When an aliquot (20 l) of each fraction was probed with the anti-Wnt-3a antibody, a single broad peak was seen with fractions 6 to 15. Wnt-3a in fractions 13 to 15 was nearly homogeneous, as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The active fractions (1.5 ml, with 15 g of protein) were collected and used for experiments.
Other. Protein concentrations were determined with bovine serum albumin as a standard (8) . (58) . Although Dvl has been shown to activate Rho in mammalian cells (17) , whether Dvl activates Rho-kinase through Rho has not yet been analyzed systematically. A previous study demonstrated that Rho-kinase phosphorylates the MBS of myosin phosphatase and that Rhokinase activation in intact cells can be assessed by using an anti-phospho-MBS antibody (26) . Using this assay, we first examined whether Wnt and Dvl indeed activate Rho-kinase through Rho in mammalian cells. The expression of HA-Dvl-1 in COS cells induced the phosphorylation of GFP-MBS in the presence of Myc-Rho-kinase under conditions in which a constitutively active form of Rho (Rho G14V ) activated Rho-kinase (Fig. 1B) . The Dvl-1-dependent Rho-kinase activity displayed the same ability as a constitutively active form of Rho-kinase (Myc-Rho-kinase-CAT) to phosphorylate MBS (Fig. 1B) . RB is known to inhibit Rho-dependent Rho-kinase activation (3). The expression of Myc-RB suppressed Dvl-dependent Rhokinase activation (Fig. 1C) . Wnt-1 and Wnt-3a have been shown to activate Rho (17) . Wnt-1 and Wnt-3a also activated Rho-kinase, and the activation was suppressed by the expression of RB (Fig. 1C ). These results demonstrate that Dvl-1, Wnt-1, and Wnt-3a activate Rho-kinase through Rho.
RESULTS

Activation of Rho-kinase by Dvl in mammalian cells. It has been demonstrated that Rho-kinase functions downstream of Dsh in Drosophila
To determine which region of Dvl-1 is important for the activation of Rho-kinase, we used the expression of various deletion mutants of HA-Dvl-1 with GFP-MBS and Myc-Rhokinase. HA-Dvl-1-(1-398) and HA-Dvl-1-(⌬251-336) activated Rho-kinase to a similar extent as wild-type HA-Dvl-1 (Fig. 2B, lanes 4, 6, and 10) . HA-Dvl-1-(140-670) and HADvl-1-(337-670) activated Rho-kinase to a lesser extent than wild-type HA-Dvl-1 (Fig. 2B, lanes 7 and 8) , whereas HADvl-1-(1-250) and HA-Dvl-1-(395-670) did not activate it (Fig.  2B, lanes 5 and 9) . These results suggest that amino acid residues 337 to 394 of Dvl-1 are necessary for the activation of Rho-kinase, whereas neither the DIX, PDZ, nor DEP domain is essential. However, Dvl-1-(224-398) did not activate Rhokinase (Fig. 2B, lane 11) . Although this Dvl-1 mutant inhibited Wnt-3a-dependent Rho-kinase activation, Dvl-1-(395-670) did not (Fig. 2C, lanes 3 to 5) . Taken together with previous observations regarding the activation of Rho by Dvl (17), these results suggest that the region containing the PDZ and DEP domains and residues 337 to 394, flanked by these two domains, are important for the activation of Rho-kinase by Dvl. A summary of these results is shown in Fig. 2A .
Inhibition of NGF-induced neurite outgrowth by Dvl in PC12 cells. To examine the roles of Dvl in neural cells, we established PC12 cells expressing Myc-Dvl-1 (PC12/Dvl) in which the expression of Myc-Dvl-1 was under the control of a tetracycline-responsive promoter. After 2 days of incubation in a culture medium containing Ͻ10 ng of tetracycline hydrochloride/ml, expression of Myc-Dvl-1 was clearly observed (Fig.  3A) . Under the same conditions, the protein levels of endogenous GSK-3␤ were not changed (Fig. 3A) . We examined whether Dvl activates Rho and Rho-kinase in PC12 cells. The GTP-bound active form of endogenous Rho was detected by using the Rho-binding domain of rhotekin without the expression of Myc-Dvl-1 (Fig. 3B) . The expression of Myc-Dvl-1 by the removal of tetracycline increased the amount of the GTPbound form of Rho (Fig. 3B) . It has been shown that NGF induces the accumulation of F-actin at protrusion sites, probably through the activation of Rac and the inhibition of Rho (24, 45) , and that the activation of Rho inhibits the NGFinduced recruitment of Rac to the protrusion sites and the resultant process of neurite formation (9, 60) . The expression of Myc-Dvl-1 induced the formation of a thick ringlike structure of cortical actin filaments at the cell periphery ( Fig. 3C  and D) , which is similar to the reported effect of expression of the active form of RhoA (60) . These results indicate that Dvl activates Rho in PC12 cells.
We next examined whether Dvl-1 affects the neurite outgrowth of PC12 cells. NGF induced the outgrowth of neurites in the presence of tetracycline, whereas the removal of tetracycline inhibited NGF-dependent neurite extension, suggesting that the expression of Myc-Dvl-1 prevents NGF-induced neurite outgrowth of PC12 cells (Fig. 3E and F) . To determine whether Rho-kinase is involved in Dvl-1-induced neurite retraction, we treated the cells with a Rho-kinase-selective inhibitor, Y-27632 (54) . Under conditions in which Dvl-1 was not expressed, 10 M Y-27632 itself did not induce neurite extension in the absence of NGF, while it slightly enhanced the NGF-induced neurite outgrowth of PC12/Dvl cells ( Fig. 3G  and H) . Y-27632 reversed the inhibition of NGF-induced neurite outgrowth by Dvl-1 ( Fig. 3G and H) . These results suggest that Dvl-1 induces neurite retraction through Rho and Rhokinase in PC12 cells.
Inhibition of serum starvation-dependent neurite outgrowth by Dvl in N1E-115 cells. We further examined the roles of Dvl in neurite outgrowth by using another neuronal cell line, N1E-115 cells. N1E-115 neuroblastoma cells exhibit neurite outgrowth in response to serum deprivation, and Rho is responsible for causing this serum-dependent neurite retraction (32, 44, 55) . Consistent with these results, Y-27632 induced neurite outgrowth in the presence of serum (Fig. 4A and B) . The transient expression of HA-Dvl-1 abolished the neurite outgrowth induced by serum withdrawal, and Y-27632 reversed Dvl-1-dependent neurite retraction (Fig. 4A and B) . RB induced neurite outgrowth in the presence of serum and did not affect neurite extension induced by serum deprivation (Fig. 4C  and D) . As expected, it reversed Dvl-1-dependent neurite re- traction ( Fig. 4C and D) . Furthermore, Dvl-1-(1-398) and Dvl-1-(337-670), which activate Rho-kinase, reduced neurite extension, and the inhibitory activities of these Dvl-1 mutants coincided with their abilities to activate Rho-kinase ( Fig. 4E and F). Dvl-1-(1-250) and Dvl-1-(395-670), which do not activate Rho-kinase, did not induce neurite retraction ( Fig. 4E and  F) . These results also suggest that Dvl induces neurite retraction through Rho-kinase in N1E-115 cells.
Effects of JNK and GSK-3 inhibitors on neurite extension. Since the expression of Dvl-1 has been shown to activate Rac and JNK (7, 50), we examined whether JNK is involved in Dvl-1-dependent neurite retraction. In contrast to the Rhokinase inhibitor, a JNK inhibitor did not abolish the neurite retraction induced by the expression of Myc-Dvl-1 in PC12 cells (Fig. 5A and B) under conditions in which the JNK inhibitor suppressed JNK activity (data not shown).
GSK-3 is an important component of the Wnt signaling pathway that functions downstream of Dvl (40, 46, 59) . LiCl is known to inhibit GSK-3 and to activate the canonical ␤-catenin pathway (15) . LiCl has also been shown to inhibit NGF-dependent neurite outgrowth in PC12 cells, probably through inhibition of the phosphorylation of microtubule-associated proteins (10) . As shown in Fig. 3G and H, Y-27632 did not induce neurite extension in the absence of NGF and slightly enhanced NGF-dependent neurite outgrowth in control PC12 cells (Fig.  5C and D) . Y-27632 did not prevent LiCl-dependent neurite retraction ( Fig. 5C and D) . SB216763, a GSK-3-specific inhibitor (12), also suppressed NGF-dependent neurite extension in control PC12 cells, and this inhibition was not reversed by Y-27632 ( Fig. 5C and D) . These results suggest that GSK-3 regulates neurite outgrowth and that the inhibition of Rhokinase is not sufficient for the rescue of neurite retraction induced by GSK-3 inactivation.
Inhibition of NGF-dependent neurite extension by purified Wnt-3a. As shown in Fig. 1C , expression of Wnt-1 and Wnt-3a activate Rho-kinase. We examined whether these Wnt proteins are involved in the regulation of neurite extension through Rho-kinase. It has been previously demonstrated that PC12 cells expressing Wnt-1 (PC12/Wnt-1) fail to extend neurites after treatment with NGF (47) . Indeed, NGF induced neurite formation weakly in PC12/Wnt-1 cells (Fig. 6 ). Y-27632 did not induce neurite outgrowth in control PC12 cells and PC12/ Wnt-1 cells in the absence of NGF (Fig. 6) . However, Y-27632 enhanced the NGF-dependent neurite extension of control PC12 cells and caused PC12/Wnt-1 cells to respond to NGF, resulting in the outgrowth of neurites (Fig. 6) . These results suggest that Wnt-1 inhibits neurite outgrowth through Rhokinase.
In addition, we used the purified Wnt-3a protein in this assay. Wnt-3a was purified to near homogeneity by three successive types of column chromatography (Fig. 7A) . As was shown for mouse fibroblast L cells (57) , the treatment of PC12 cells with purified Wnt-3a protein induced the accumulation of ␤-catenin in a time-dependent manner in the soluble fraction but not in the membrane fraction (Fig. 7B) . The basal activity of endogenous Rho-kinase was detected in PC12 cells (Fig.  7C) . Rho-kinase was activated 5 and 10 min after stimulation with the purified Wnt-3a protein, and the activity returned to the basal level after 30 min (Fig. 7C) . Thus, Wnt-3a activates both the ␤-catenin and PCP pathways in PC12 cells.
When PC12 cells were incubated with NGF and purified Wnt-3a protein, neurite outgrowth was highly suppressed compared to that in cells incubated with NGF alone (Fig. 7D and  E) . The Wnt-3a-dependent inhibition of neurite extension was prevented by Y-27632 ( Fig. 7D and E) . The expression of HA-Dvl-1-(224-398), but not of HA-Dvl-1-(1-250) or HADvl-1-(395-670), inhibited Wnt-3a-dependent neurite retraction ( Fig. 7F and G) . These results are consistent with observations that these Dvl-1 mutants did not activate Rho-kinase and that Dvl-1-(224-398), but not Dvl-1-(395-670), inhibited the Wnt-3a-dependent activation of Rho-kinase. In addition, Dvl-1-(224-398) neither induced neurite outgrowth in the absence of NGF nor affected NGF-dependent neurite extension (Fig. 7H) . Therefore, Dvl-1-(224-398) functions as a dominantnegative form of the protein in the PCP pathway of Wnt signaling. From these results, we conclude that Wnt-3a inhibits NGF-dependent neurite outgrowth via Dvl and Rho-kinase.
DISCUSSION
Genetic studies have implicated DFz1, Dsh, RhoA, Rac, and Drok in the PCP pathway in Drosophila (2, 48, 50) , and biochemical studies have shown that Wnt-1, Wnt-11, Frizzled1, and Dvl regulate Rho activity in mammalian cells (16, 17) . Thus, the activation of Rho is a direct response to Wnt and likely represents a key pathway for Wnt-dependent regulation of the cytoskeleton. There are multiple effector proteins of Rho, including Rho-kinase (Rock), protein kinase N, the MBS of myosin phosphatase, rhophilin, rhotekin, citron, and mDia (4, 25, 42) . Although Rho-kinase has been shown to function downstream of Dvl in Drosophila and zebra fish (39, 58) Neither the DIX, PDZ, nor DEP domain was required for the activation of Rho-kinase by Dvl. Both the DIX and PDZ domains are necessary for the activation of the canonical ␤-catenin pathway (29, 49) , and the DEP domain is essential for the activation of JNK by Dvl (7, 41) . Our results suggest that the region from residues 337 to 394 of Dvl-1 is necessary for the activation of Rho-kinase. Taken together with previous observations concerning the activation of Rho by Dvl (17), these findings suggest that the region containing the PDZ and DEP domains and residues 337 to 394, flanked by these two domains, are important for the activation of Rho-kinase by Dvl. Therefore, it is likely that the Dvl-dependent Rho-kinase activation pathway is distinct from the Dvl-␤-catenin pathway and the Dvl-JNK pathway. In addition, we showed that Dvl-1-(224-398), but not Dvl-1-(395-670), inhibits the Wnt-3a-dependent activation of Rho-kinase. These results are consistent with the observation that Dvl activates Rho and Rac via distinct mechanisms (16) .
Our results show that Wnt and Dvl regulate neurite outgrowth through Rho-kinase in PC12 and N1E-115 cells. This conclusion was supported by five findings. Firstly, Wnt-1-, Wnt3a-, and Dvl-1-dependent neurite retraction was suppressed by a Rho-kinase inhibitor but not by a JNK inhibitor. Secondly, Dvl-1-dependent neurite retraction was suppressed by expression of the RB of Rho-kinase. Thirdly, the expression of Dvl-1 induced the formation of a thick ringlike structure of cortical actin filaments at the periphery of PC12 cells. Fourthly, the Dvl-1 mutants that activated Rho-kinase induced neurite retraction, but other mutants that did not activate Rho-kinase did not. Fifthly, Wnt-3a activated Rho-kinase in PC12 cells and Wnt-3a-dependent neurite retraction was inhibited by Dvl-1-(224-398). Taken together with the observation that Dvl associates with actin stress fibers in mouse embryonic kidney cells (53) , these findings imply that Wnt and Dvl activate Rho and Rho-kinase, thereby inhibiting neurite formation through regulation of the actin-myosin system. Y-27632 did not induce neurite outgrowth significantly at a concentration of 10 M but induced neurites at 200 M in the absence of NGF in the PC12 cells used for this study (data not shown). These results are not consistent with previously reported observations that 10 M Y-27632 itself induces neurites. One study showed that 10 M Y-27632 induces neurite extension in 20 to 30% of PC12 cells (14) and another study demonstrated that it induces neurites in 70% of cells (6) . We used PC12 cells stably expressing tTA (tet-off system). Since it is known that there are many variants of PC12 cells, the PC12 cells used for this study might have exhibited a relatively low level of sensitivity to Y-27632. Although we could detect the basal activities of endogenous Rho and Rho-kinase in these PC12 cells, we do not know whether these activities were high enough to prevent Y-27632 from extending neurites. Alternatively, the basal activities of Rho and Rho-kinase may be low in these cells and these activities may not play major roles in the inhibition of neurite outgrowth in the absence of NGF. In any case, this PC12 cell line is useful for showing that Wnt and Dvl inhibit neurite outgrowth via Rho-kinase.
Dvl-1 has been shown to colocalize with axonal microtubules and to sediment with brain microtubules (34) . Dvl-1 stabilizes microtubules by inhibiting GSK-3␤ in differentiated neuroblastoma cells, thereby preventing the cells from retracting axons in the presence of nocodazole, which depolymerizes microtubules, and this effect of Dvl-1 is mimicked by LiCl, which is known to inhibit GSK-3. However, Wnt-7a and Dvl-1 induce axonal spreading and branching as well as a decrease in axon press the effects of LiCl and SB216763 on NGF-induced neurite outgrowth. These results suggest that GSK-3 and Rho-kinase regulate the dynamics of microtubules and actinmyosin, respectively, downstream of Dvl and that both pathways are necessary for the formation of neurites. Although it has been shown that Dvl regulates axon length through GSK-3 (34), our results demonstrate that the Dvl and Rho-kinase pathway, in addition to the Dvl and GSK-3 pathway, is also involved in the regulation of neurite formation. Since ␤-catenin did not affect the NGF-induced neurite outgrowth (data not shown), it is unlikely that ␤-catenin-dependent transcriptional activation is involved in the regulation of neurite outgrowth.
The expression of Wnt-1 or Wnt-3a in PC12 cells inhibits NGF-induced neurite outgrowth (11, 47) . The effects of targeted inactivation of Wnt-1 and Wnt-3a in mice suggest their critical role in neuronal development, including remodeling of the axon (23) . However, the molecular mechanisms of these effects have remained unclear. It was recently reported that Wnt-3a was purified to near homogeneity and that purified Wnt-3a protein induces self-renewal of hematopoietic stem cells (43, 57) . We showed that the purified Wnt-3a protein can inhibit NGF-induced neurite outgrowth via Dvl and Rho-kinase (PCP pathway) in PC12 cells. The PCP pathway has been shown to play a role in the embryogenesis of Drosophila and Xenopus, but the physiological significance of the PCP pathway in mammals has not been well characterized except for the finding that this pathway activates JNK biochemically. Our results demonstrate for the first time that NGF and Wnt-3a regulate the neurite outgrowth of PC12 cells cooperatively. Furthermore, it has been shown that Wnt-3-conditioned medium reduces axon length in neurotropin-3-responsive spinal sensory neurons but not in NGF-responsive neurons (33) . Therefore, Wnt-3a and Wnt-3 may regulate axonal remodeling of different types of neuronal cells.
Studies in Drosophila have provided a conceptual framework about the PCP pathway, while the roles of the PCP pathway in mammalian cells are less understood. Although an example of PCP in mammals has been provided by the sensory hair cells of the inner ear (35) , cultured PC12 and N1E-115 cells will be helpful for understanding the PCP pathway in mammalian cells.
